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Gallium phosphide (GaP) is an indirect bandgap semiconductor used widely in solid-state lighting.
Despite numerous intriguing optical properties—including large χ(2) and χ(3) coefficients, a high
refractive index (> 3), and transparency from visible to long-infrared wavelengths (0.55− 11µm)—
its application as an integrated photonics material has been little studied. Here we introduce GaP-
on-insulator as a platform for nonlinear photonics, exploiting a direct wafer bonding approach to
realize integrated waveguides with 1.2 dB/cm loss in the telecommunications C-band (on par with
Si-on-insulator). High quality (Q > 105), grating-coupled ring resonators are fabricated and studied.
Employing a modulation transfer approach, we obtain a direct experimental estimate of the nonlinear
index of GaP at telecommunication wavelengths: n2 = 1.2(5)× 10−17 m2/W. We also observe Kerr
frequency comb generation in resonators with engineered dispersion. Parametric threshold powers
as low as 3 mW are realized, followed by broadband (> 100 nm) frequency combs with sub-THz
spacing, frequency-doubled combs and, in a separate device, efficient Raman lasing. These results
signal the emergence of GaP-on-insulator as a novel platform for integrated nonlinear photonics.
Gallium phosphide has played an important role in the
photonics industry since the 1960s, forming the basis for a
range of light-emitting devices—most notably green LEDs—
despite possessing an indirect bandgap [1]. More recently, ef-
forts have been made to realize nanophotonic devices in GaP.
The motivation is severalfold: First, GaP is nearly lattice-
matched to silicon, in principle enabling waferscale produc-
tion [2]. Second, GaP has negligible two-photon absorption
(TPA) for wavelengths above 1.1 µm, enabling high power op-
eration in all telecommunications bands. Third, among vis-
ibly transparent III-V materials, GaP has the largest refrac-
tive index (n0 > 3), enabling strong optical confinement and
implying a large χ(3) nonlinearity (Fig. 1). Finally, the non-
centrosymmetric crystal structure of GaP yields a nonzero
piezo-electric effect and large χ(2) nonlinearity. Among the
diverse applications made possible by these features, partic-
ular attention has been paid to realizing frequency doublers
from telecommunication to visible wavelengths [3, 4], nano-
antennae for enhanced photoluminescence [5], and interfaces
for cold atoms [6] or solid state quantum emitters [7, 8]. Thus
a variety of GaP nanophotonic devices have been fabricated
and studied, including 1D [9] and 2D [3, 5, 10] photonic crys-
tals, microdisks [8, 11–15], and strip waveguides [8, 9, 14].
Owing to its large nonlinearity and wide transparency, GaP
is a promising material for integrated nonlinear photonics. To
fulfill this promise, crystalline GaP must be integrated onto
a low-index material—ideally by a method compatible with
waferscale production—then patterned into devices with suffi-
ciently low propagation loss to permit net optical gain. While
observation of χ(2) effects (e.g. second harmonic generation)
in photonic crystal and microdisk resonators is an important
step [3, 4], these devices were realized by suspending the res-
onator in air, precluding the use of integrated waveguides and
couplers. Efforts to interface NV centers have produced tech-
niques to bond GaP onto diamond (n0 = 2.4) [7, 8]; however,
these are incompatible with large-scale wafer-level fabrication.
Moreover, in both cases, propagation loss was insufficient to
observe strong χ(3) effects. Indeed, to date, the χ(3) nonlin-
earity of GaP has only been measured with ultra-short light
pulses at optical wavelengths [23, 24], and promising applica-
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FIG. 1. GaP as a material for integrated nonlinear
photonics. Linear (red) and nonlinear (blue) refractive in-
dices of various integrated photonics materials, plotted versus
bandgap energy and cutoff wavelength. Vertical lines denote
cutoff wavelengths for two-photon absorption in the O-band
(1260-1360 nm) and C-band (1530-1565 nm). Solid circles de-
note materials used for microresonator frequency combs. Val-
ues for materials other than GaP were taken from [16] (SiO2,
Hydex, AlN, Diamond, Si3N4, AlGaAs), [17] (SiC), [18] (Si),
[19] (GaN), [20] (InP), [21] (InGaP), and [22] (GaAs).
tions based on the Kerr effect, such as supercontinuum [25, 26]
and frequency comb [27, 28] (in particular soliton [29]) gen-
eration, have yet to be explored.
Here we propose and implement a GaP-on-insulator plat-
form for integrated nonlinear photonics. Our approach [9]
makes use of direct wafer-bonding to integrate high-quality,
epitaxially-grown GaP onto SiO2. The large index contrast
between GaP and SiO2 (n0 ≈ 1.44), in conjunction with
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FIG. 2. Gallium phosphide waveguide resonators: (a) GaP-on-insulator fabrication process flow. (b) Scanning electron
micrograph (SEM) of a 50-µm-radius ring resonator with integrated bus waveguide and grating couplers (inset). Waveguide
thickness and width are 300 nm and 500 nm, respectively. (c) Finite element simulation of the TE00 waveguide mode. (d)
SEM of the waveguide in cross-section. (e) Simulated resonator dispersion (Eq. 3) for various waveguide widths. (f) Measured
transmission profile of a silica-cladded racetrack resonator with free-spectral range D1 = 100 GHz. (g) Fit of the central peak
to a Lorentzian with a linewidth of 0.67 GHz, corresponding a loaded Q of 3× 105. (h) Measurements of D1 versus wavelength
for 50-µm-radius rings with various waveguide widths. (i) Comparison of measured (h) and simulated (e) dispersion.
highly anisotropic, low-roughness dry etching, allows us to re-
alize single-mode strip waveguides with propagation losses as
low as 1.2 dB/cm and nonlinearity parameters exceeding 200
W−1m−1 at 1550 nm. In this Letter, we engineer waveguide
resonators to support Kerr frequency combs at telecommuni-
cations wavelengths. We observe the first frequency comb in a
GaP microresonator, with a threshold power as low as 3 mW,
and with simultaneous formation of doubled combs at visible
wavelengths. We moreover observe efficient Raman-scattered
combs in a cladded resonator with reduced dispersion.
GaP-on-SiO2 strip waveguides, as shown in Fig. 2, form
the basis of our experiments. To fabricate these devices, we
have developed a novel III-V hybrid integration process based
on direct wafer bonding [9]. As shown in Fig. 2a, the GaP
device layer (300 nm thick) is first grown epitaxially, by metal-
organic chemical vapor deposition (MOCVD), on a GaP sub-
strate, with an intermediate Al0.38Ga0.62P layer included as
an etch stop. The growth wafer is then directly bonded to a
Si wafer with a 2 µm thermal oxide, after depositing a thin (5
nm) layer of Al2O3 on both surfaces. To remove the growth
substrate, we use a combination of wet etching and a rapid,
highly selective dry etch based on inductively-coupled plasma
reactive ion etching (ICP-RIE) with SiCl4 and SF6 [30]. The
AlGaP layer is then removed with concentrated HCl, leav-
ing the GaP device layer exposed for processing. Devices for
this report were patterned by electron-beam lithography us-
ing HSQ as a negative resist. Patterns were then transferred
by chlorine-based ICP-RIE [31]. In a final step, 5 nm of Al2O3
is deposited onto the waveguide to mitigate photo-oxidation.
We employ single-crystal substrates and therefore epitaxial
material with a non-centrosymmetric cubic (zincblende) crys-
tal structure, resulting in a nonzero χ(2) nonlinearity in ad-
dition to χ(3). Photons propagating in our waveguides there-
fore undergo both three-wave-mixing (TWM) and four-wave-
mixing (FWM) under appropriate phase matching conditions.
To observe these nonlinear scattering processes, it is necessary
to pump the waveguide with sufficient optical power that the
rate of nonlinear scattering exceeds that of linear loss (the
condition for net parametric gain). This condition is greatly
facilitated by incorporating the waveguide into an optical cav-
ity, such that the circulating power is resonantly enhanced.
Waveguides were thus patterned into ring resonators. A
typical 50-µm-radius (R) ring with integrated bus waveguide
and grating couplers [9] is shown in Fig. 2a, based on a single-
3mode 300× 500 nm2 waveguide. Transmission measurements
performed on cladded and uncladded resonators reveal that
critically-coupled Q factors as high as 2.5×105 are achievable
in both cases at C-band wavelengths. The corresponding lin-
ear propagation loss, α ≈ 1.2 dB/cm, is attributed to sidewall
roughness [31], and is on par with state-of-the-art AlGaAs [16]
and Si [32] waveguides of similar dimensions.
We next studied the χ(3) nonlinearity of our waveguides,
parameterized by the nonlinear propagation constant βNL =
γNLP [31]. Here γNL = ωn2/Aeffc is the waveguide nonlin-
earity parameter, n2 is the nonlinear refractive index (Kerr
coefficient) of the waveguide core material, Aeff is the effective
core area [31], and P is the guided power. To measure γNL,
we used a modulation-transfer technique that allows separa-
tion of Kerr and photothermal nonlinearities based on their
response times [33]. As illustrated in Fig. 3, an intensity-
modulated pump field was injected into the cavity on reso-
nance and a detuned probe field was used to record the fre-
quency response of an adjacent cavity mode. At sufficiently
high frequency, the response is dominated by the Kerr effect
δωprobe(Ω) ≈ 8ηQc
Veff
n2
n2g
δPpump(Ω) (1)
where Veff = 2piRAeff is the effective resonator mode volume,
ng is the waveguide group index, Ω is the modulation fre-
quency, Ppump is the injected pump power, and η ∈ [0, 1] is the
cavity impedance matching factor [31]. Normalizing the re-
sponse curve to the DC photothermal frequency shift, we infer
γNL = 2.4(6)× 102 W−1m−1 and n2 = 1.1(3)× 10−17 m2/W.
(For details see [31].) Somewhat lower values for n2 have been
obtained using pulsed measurements [23, 24]. A comparison
to other integrated photonics materials is made in Fig. 1.
At powers above the parametric oscillation threshold (note
that the formula below accounts for dispersion [31, 34, 35])
Pth ≈ pi
4η
Veff
λQ2
n2g
n2
, (2)
recirculation of scattered photons can give rise to cascaded
FWM into multiple cavity modes, forming a frequency comb.
Such microresonator frequency combs [28] have become a
front-line research topic in recent years due to their broad ap-
plicability in telecommunications and metrology [28], partic-
ularly with the advance of low-noise, soliton frequency combs.
Among the growing number of material platforms used to re-
alize microresonator frequency combs (Fig. 1), the only highly
nonlinear platforms are AlGaAs- [16] and Si-on-insulator [32],
both of which suffer from TPA at telecommunication wave-
lengths. In addition to its wide transparency window, gener-
ating microresonator combs in GaP holds intrigue due to its
χ(2) nonlinearity and piezo-electricity, which might permit,
for example, self-referencing by in-situ frequency doubling [36]
or electronic control [32] of comb dynamics.
In Fig. 4 we present the first microresonator frequency
combs in GaP. To realize this advance, a crucial consideration
is waveguide dispersion, which regulates the phase-matching
of FWM-scattered photons: Specifically, to compensate self-
and cross-phase modulation [37], efficient FWM requires that
the waveguide exhibit anomalous group velocity dispersion,
GVD ≡ (1/c)∂ng/∂ω < 0, which manifests as dispersion of
the resonator free spectral range, D1 = c/(ngR):
D2(ω) ≡ D1 ∂D1
∂ω
≈ −D21 c
ng
GVD > 0. (3)
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FIG. 3. Linear and nonlinear response of a GaP micro-
resonator. (a) Setup for pump-probe response and frequency
comb measurements [31]. (b) Power-frequency response of a
50-µm-radius ring resonator. Plateaus at 0-100 kHz and 10-
100 MHz are due to the photothermal and Kerr effect, respec-
tively. Rolloff at 0.5 GHz is due to the finite cavity response
time. (c) Optical spectrum of the cavity output field as a
function of input power. Parametric oscillation (spontaneous
FWM) is observed above a threshold value Pth. (d) Power
in the left primary sideband versus input power, revealing
Pth ≈ 3 mW for a Q ≈ 2.5 · 105 device. (e) Measurements of
Pth versus Q for various devices, compared to Eq. 2.
Like most materials, in bulk form, GaP exhibits normal GVD
in its transparency window. To overcome this material dis-
persion, it is necessary to tune the waveguide dimensions to
realize strongly anomalous geometric GVD.
Waveguides were therefore dispersion-engineered by fine-
tuning their width. Using the Sellmeier equation to estimate
the material GVD of GaP, finite element simulations predict
that a broadband anomalous GVD window centered at 1550
nm can be achieved for a single-mode waveguide with a thick-
ness of 300 nm and a width of 500 nm (Fig. 2e). To confirm
this model, ring resonators were patterned with waveguide
width varied from 450 to 650 nm. Measurements of FSR were
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FIG. 4. Gallium phosphide microresonator frequency combs. (a) Frequency comb generation in a 50-µm-radius ring
resonator. From top to bottom, the laser power is fixed and the laser-cavity detuning is incrementally reduced. A sech-squared
envelope (dashed black) is overlaid on the last spectrum. (b) Simultaneous measurements of frequency-doubled combs on the
same device. (c) Broadband frequency comb generated in a cladded racetrack resonator with a FSR of 100 GHz. (d) Raman-
shifted frequency comb observed on a different mode of the same device. (e) Raman spectrum of the GaP growth substrate.
then carried out (Fig. 2h) as a function of wavelength. Results
were found to be in good agreement with Eq. 3 (Fig. 2i).
The onset of parametric oscillation in a 50-µm radius,
550-nm-wide ring resonator is shown in Fig. 3c,d. For this
measurement the pump laser was passed through an erbium-
doped fiber amplifier and the resonator output was directed to
an optical spectrum analyzer [31]. The laser was stabilized at
a small blue-detuning using the photothermal self-lock. While
increasing the power (and simultaneously compensating the
photothermal frequency shift), sideband generation was ob-
served at a threshold of Pth ≈ 3 mW, for a near-critically
coupled mode at 1560 nm with Q ≈ 2×105. Similar measure-
ments were carried out for modes with Q = (0.7−2.5)×105 by
varying the operating wavelength and bus-waveguide separa-
tion (Fig. 3e). Comparing this set of measurements to Eq. 2,
we infer n2 ≈ 1.2(5) × 10−17 m2/W, in good agreement with
the value inferred from the linear response measurement.
Using input powers greater than Pth, broadband frequency
comb generation was observed in numerous devices. An exam-
ple is shown in Fig. 4a, in which the input power was fixed at
1 W and the laser-cavity detuning was incrementally reduced.
Typical behavior is shown: Initially sub-combs separated by
multiple FSR are formed (consistent with phase-matching for
the far-detuned pump [38]). At smaller detunings, interleav-
ing of sub-combs results in a “full” comb with a characteristic
sech-squared envelope, here with a 3 dB width of 1.4 THz, lim-
ited by the large magnitude of the resonator dispersion [29].
We note that although the sech-squared envelope is consistent
with coherent comb (soliton) formation [29], excess radiofre-
quency noise in the optical power spectrum [31] implies that
the combs shown are not fully coherent [38]. A possible rea-
son for the resistance to soliton formation is perturbation of
the cavity dispersion due to mode splitting [39].
In tandem with FWM, the χ(2) nonlinearity of GaP en-
ables frequency combs generated in the C-band to be simul-
taneously doubled to visible wavelengths. Frequency-doubled
combs produced simultaneously with the primary combs in
Fig. 4a are shown in Fig. 4b. As visible light is not efficiently
coupled from the ring to the bus waveguide [40], for these mea-
surements the output fiber was positioned above the ring. An
auxiliary high-resolution visible OSA was used [31], revealing
as many as 50 comb lines (limited by the OSA sensitivity) for
the smallest laser-cavity detuning .
Finally, we examined the role of Raman scattering in our
devices. It is well known that stimulated Raman scattering
(SRS) competes with FWM in waveguides with normal or
weak dispersion [41]. We observe this effect in waveguide res-
onators cladded in silica, which reduces D2 by an order of
magnitude and displaces the center of the anomalous window
to approximately 1650 nm. FWM and SRS in a 100 GHz
cladded racetrack resonator with Q ≈ 2 × 105 is shown in
Fig. 4c,d. For a subset of modes, broadband (> 200 nm)
frequency combs centered at the pump wavelength are gen-
erated by FWM. For others, FWM is preceded by efficient
Raman lasing (20 dBm threshold, 10% conversion efficiency)
with a Stokes frequency of 12 THz. The selectivity between
FWM and SRS, and the absence of SRS in resonators with
smaller radii, is likely due to the narrowness of the Raman
transition, inherent to the crystalline material. Independent
Raman spectroscopy of the GaP growth substrate (Fig. 4e)
confirms that the 12 THz transition is less than 100 GHz wide.
In summary, we have explored GaP-on-insulator as a plat-
form for nonlinear photonics, using microresonator frequency
comb generation was as an illustrative example. Operat-
5material n0 n2 χ
(2) λTPA Aphys D1 Q Pth
10−18 m
2
W
pm
V
nm µm2 GHz 106 mW
Si 3.5 4 – 2250 – – – –
Al.83Ga.17As 3.3 26 120 1540 0.20 995 0.1 3
GaP 3.1 12(5) 82 1100 0.15 250 0.2 3
Diamond 2.4 0.082 – 450 0.81 925 1 20
AlN 2.1 0.23 0.43 440 2.3 435 0.8 200
Si3N4 2.0 0.25 – 460 1.8 200 36 0.3
Hydex 1.7 0.12 – 280 2.2 200 1 50
SiO2 1.4 0.022 – 280 ∼ 30 33 270 1
TABLE I. Properties of current integrated microresonator fre-
quency comb platforms operating at λ ∼ 1.55µm. λTPA and
Aphys correspond to the cutoff wavelength for two-photon ab-
sorption and the physical waveguide area, respectively. Values
were taken from [18] (Si), [16] (AlGaAs), [42] (Diamond), [43]
(AlN), [44] (Si3N4), [45] (Hydex), and [16] (SiO2).
ing at telecommunications wavelengths, propagation losses as
low as 1.2 dB/cm were observed for single-mode strip waveg-
uides with effective areas of 0.2µm2. Exploiting precision
control over sidewall dimensions, waveguides were dispersion-
engineered to support efficient FWM. Resonators formed from
these waveguides were found to exhibit parametric oscillation
with as little as 3 mW injected power, followed by formation
of broadband (> 100 nm) frequency combs with comb spac-
ing ranging from 100 to 250 GHz, depending on resonator
geometry. In conjunction with pump-probe measurements, a
direct measurement of the Kerr coefficient of GaP was made
at telecommunication wavelengths: n2 = 1.2(5)·10−17 m2/W.
Also observed were frequency-doubled combs and Raman-
shifted frequency combs. Looking forward, numerous appli-
cations of GaP-on-insulator nonlinear photonics are expected
to exhibit high performance. Reduction of waveguide side-
wall roughness and enhanced dispersion engineering might al-
low, for example, soliton comb formation, mid-IR frequency
combs, and ultra-broadband supercontinuum generation. We
conclude with Table 1, in which the linear and nonlinear prop-
erties of GaP microresonators are compared to that of con-
temporary platforms for Kerr frequency comb generation.
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Information supplementary to the main text is here provided, including definitions of the nonlinear refractive
index, derivation of the Kerr frequency shift, derivation of the power threshold for frequency comb generation, and
details about the pump-probe response measurement. Particular attention is paid to chromatic dispersion, which
requires use of the group index in place of refractive index in key instances. Fabrication is also elaborated upon.
NONLINEAR PROPAGATION CONSTANT
The propagation constant β(ω) of a waveguide (or equiva-
lently, its effective refractive index n(ω)) is given by
sout(ω) = sin(ω)e
iβ(ω)x ≡ sin(ω)eiωn(ω)x/c (S1)
where sin(out) and ω are the amplitude and frequency of the
waveguide input (output) field, respectively, c is the speed of
light in vacuum, and x is the propagation distance.
If the waveguide core material is χ(3)-nonlinear, then the
effective index can be expressed in the form
n(ω) = n0(ω) + n2(ω)
P
Aeff(ω)
(S2)
where n2 is the nonlinear refractive index of the core material,
n0 is the “cold” effective index, Aeff is the effective area of the
waveguide mode [1], and P is the guided power.
As described in the main text, we estimate n2 by combining
a measurement of the nonlinearity parameter
γNL ≡ ∂β
∂P
=
ωn2
Aeffc
. (S3)
with a numerical simulation of Aeff . The latter is obtained
using approximate expression [1]
Aeff ≈ (
∫
IdA)2∫
I2dA
, (S4)
where I is the transverse intensity profile of the guided field
and
∫
dA is an area integral extending outside the core and
over all space. Simulations of n0 and Aeff for the TE00 mode
of a 300-nm-thick GaP strip waveguide are shown in Fig. S1,
as a function of waveguide width and operating wavelength.
WAVEGUIDE RESONATOR
A resonator may be formed by closing the waveguide onto
itself (forming a ring, in our case). Its resonance frequencies
ωm are given by
β(ωm)L = 2pim (S5)
where m is the mode index and L is the physical length of
the resonator. (L = 2piR for a ring with physical radius R.)
Free spectral range and group index
Accounting for chromatic dispersion (dn/dω 6= 0), the res-
onator free spectral range
D
(m)
1 ≡
dωm
dm
(S6)
is given from Eq. S5 by
dβ(ωm)
dm
=
∂β(ωm)
∂ωm
dωm
dm
=
2pi
L
(S7a)
→ D(m)1 =
2pic
ng(ωm)L
(S7b)
where
ng(ω) ≡ c dβ
dω
= n(ω) + ω
∂n
∂ω
(S8)
is the waveguide group index.
Eq. S7b was used to derive the group index from resonator
transmission measurements described in the main text. Be-
cause of large material and geometric dispersion, the differ-
ence between ng and n0 is significant for our GaP waveguides,
e.g. {ng, n0, n(mat)0 } = {3.8, 2.2, 3.1} (evaluated at 1550 nm)
for a 300× 500 nm2 waveguide, where n0 is determined from
finite element simulation and n
(mat)
0 is the bulk (material)
index obtained, e.g., from the Sellmeier equation [2] .
Kerr frequency shift
Resonance frequencies of a nonlinear waveguide resonator
in general depend on the circulating power P . Using Eqs. S3
and S7 and neglecting dispersion of n2 and Aeff , one finds
dβ(P, ωm)
dP
=
∂β
∂P
+
∂β(ωm)
∂ωm
dωm
dP
= 0 (S9a)
→ dωm
dP
= − ωmn2
ngAeff
. (S9b)
Eq. S9 was used to derive Eq. 1 in the main text, using
cavity input-output relations to relate P to the input power
Pin (Eq. S15), and multiplying the right hand side by 2 to
account for cross phase modulation [1], viz.
dωm′ 6=m
dP
= 2
dωm
dP
(S10)
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FIG. S1. Effective index and area of uncladded GaP-
on-SiO2 strip waveguides. (a) Finite element simulation of
n0(λ) for 300-nm-thick waveguides of various widths, excited
in the TE00 mode. Also shown is the bulk index, n
(mat)
0 (λ),
obtained from the Sellmeier equation [2]. (b) Simulation of
Aeff for the same set of waveguides, using Eq. S4.
Open system dynamics
The Kerr frequency shift (Eq. S9) gives rise to rich dynam-
ics when opening the resonator to an external drive. Adopting
standard input-output formalism, one arrives at the following
nonlinear equation of motion for the circulating field [1]
a˙ = −(κ/2− i(∆0 +G|a|2))a+√κexsin (S11a)
sout = sin −√κexa. (S11b)
Here a and sin(out) are the amplitude of the circulating and
input(output) fields, normalized so that |a|2 = Pτrt is the cir-
culating energy and |s¯in(out)|2 = Pin(out) is the input(output)
power, τrt ≡ 2pi/D1 is the cavity round-trip time, ∆0 =
ωm − ω0 is the detuning of the input field from the cold reso-
nance (|a|2 = 0), κ = κex + κ0 is the total resonator damping
rate, including contributions from internal loss, κ0, and cou-
pling to the bus waveguide κex, and G|a|2 is the nonlinear
frequency shift. From Eq. S9, coupling term G is given by
G =
dωm
dP
1
τrt
=
ωmn2c
n2gVeff
(S12)
where Veff = AeffL is the effective mode volume.
Defining ∆ ≡ ∆0 +G|a|2 as the detuning of the laser from
the hot resonance, steady state solutions to Eq. S11 may be
expressed in the familiar form
P =
2ηF
pi
L(∆)Pin (S13a)
Pout = (1− 4η(1− η)L(∆))Pin (S13b)
where η = κex/κ is the bus-resonator impedance matching
factor, F = D1/κ is the resonator finesse and
L(∆) = 1
1 + 4∆2/κ2
(S14)
is the normalized resonator transmission.
For example, in the case of a resonant input field (∆ = 0),
Eq. S13 simplifies to
P (0) =
2ηF
pi
Pin (S15a)
P
(0)
out = (1− 2η)2Pin, (S15b)
with maximum (minimum) values for the circulating (output)
power occurring for critical coupling, η = 1/2.
Modulation instability
For sufficiently large circulating powers P , taking the par-
tial derivative of Eq. S13 with respect to ∆ does not correctly
predict the response δP to an external frequency modula-
tion δ∆0. For this, one must take into account the power
dependence of the detuning ∆(P ). Indeed, for sufficiently
large P the response to an external modulation can diverge.
This “modulation instability” (MI) may be understood as the
physical origin of frequency comb generation [3, 4].
Here we derive the threshold condition for modula-
tion instability by graphically solving the explicitly power-
dependent form of Eq. S13
P
(
1 + 4(∆0 +GτrtP )
2/κ2
)
= P (0) (S16)
Eq. S16 describes the familiar steady-state response of a
driven duffing oscillator. It is convenient to rewrite it as
Y (1 + (X0 + Y )
2) = Y0 (S17)
by introducing the normalized coordinates
X0 =
2∆0
κ
(S18a)
Y =
2(∆−∆0)
κ
=
2GτrtP
κ
(S18b)
Y0 =
2GτrtP
(0)
κ
=
8ηG
κ2
Pin. (S18c)
X0, Y , and Y0 are proxies for the input field detuning, cir-
culating power, and input power, respectively. Specifically,
they correspond to the cold detuning (X), Kerr frequency
shift (Y ), and maximum (resonant) Kerr frequency shift (Y0),
each scaled to the cavity resonance half-width, κ/2.
Plotting solutions to Eq. S17 for different input powers
Y0 (Fig. S2), one observes that beyond a certain threshold,
Y MI0 ≈ 1.54, there always exists at least one cold detuning
X0 for which the response of the circulating power to a in-
put frequency modulation diverges, ∂Y/∂X0 = ∞. Using
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FIG. S2. Visualization of the threshold condition for parametric oscillation. Solid blue, red, and green lines: Steady-
state response of the circulating power (Y ) to a change in the frequency of the drive field (X0), following Eq. S17. Normalized
units {X0, Y0, Y } described in Eq. S18 are used. Response curves for input powers Y0 = {1, 1.54, 2} are shown. Solid and dashed
black lines: Threshold condition for parametric oscillation in the presence of dispersion (XD), following Eq. S22. Solutions for
zero dispersion (XD = 0, solid) and anomalous dispersion (XD = −2, dashed) are shown. Blue, red and green points highlight
three commonly cited oscillation thresholds: Minimal circulating power in the absence of dispersion (blue point), minimal input
power in the absence of dispersion (red point, corresponding to the MI threshold, Eq. S19), and minimal input (and circulating)
power in the presence of anomalous dispersion (green point, corresponding to Eq. 3 in the main text).
Eq. S18c and Eq. S12, one finds that this input power, the
power threshold for MI, is given by
PMIin = Y
MI
0
κ2
8ηG
≈ 1.54 pi
4η
n2g
n2
Veff
Q2λ
. (S19)
One can likewise identify a minimal cold detuning for MI:
∆MI0 =
κ
2
XMI =
√
3
2
κ (S20)
Threshold for frequency comb generation
MI can be connected to frequency sideband generation —
and thereby frequency comb generation — by seeking solu-
tions to Eq. S11 of the form [3, 4]
a(t) = a0 +
(
a1e
λte−iΩt + c.c.
)
(S21)
where {Ω, λ} ∈ < and ωm  Ω κ. Here Ω corresponds the
offset frequency of the first sideband generated by parametric
oscillation and λ corresponds to the net gain of the frequency
conversion process. The threshold condition for sideband gen-
eration (parametric oscillation) is given by λ = 0. A careful
analysis reveals that this condition is satisfied if [4–6]
Y 2 − (X0 +XD + 2Y )2 = 1 (S22)
where XD = 2D1/κ · ∂D1/∂ω ≡ 2D2/κ is the normalized
resonator dispersion.
Solutions to the parametric oscillation threshold condition
(Eq. S22) and steady-state nonlinear response (Eq. S17) are
plotted for different dispersions and input powers, respec-
tively, in Fig. S2. Intersections between these curves give the
input power threshold (Y th0 ) for frequency comb generation.
In absolute units:
P thin = Y
th
0
pi
4η
n2g
n2
Veff
Q2λ
≥ pi
4η
n2g
n2
Veff
Q2λ
. (S23)
Three commonly adopted thresholds are highlighted in
Fig. S2 by solid circles: minimal circulating power in the ab-
sence of dispersion (blue circle, {XthD , Xth0 , Y th0 } = {0,−2, 1}),
minimal input power in the absence of dispersion (red cir-
cle, {XthD , Xth0 , Y th0 } = {0,−
√
3, 1.54}), and minimal input
and circulating power in the presence of anomalous disper-
sion (green circle {XthD , Xth0 , Y th0 } = {−2,−1, 1}). The second
threshold is equivalent to the MI threshold (Eq. S19-Eq. S20).
The third gives the absolute minimum input power for fre-
quency comb generation (Eq. S23), occurring for an anoma-
lous dispersion of D2 = −κ and a cold-detuning of ∆0 = κ/2.
The latter, stricter threshold is cited in the main text (Eq. 3)
and used to infer n2 from measurements shown in Fig. 3.
We remark that while Eq. S23 has been widely used to
characterize frequency combs, typically group index ng is re-
placed by effective refractive index n0 in this formula, and
often dispersion is ignored (thus Y th0 = 1.54 was used to in-
fer n2 of AlGaAs [7] and Diamond [8]). For weakly guiding
waveguides made of low dispersion material, like Diamond [8]
or Si2N3 [9], the discrepancy between ng and n0 is negligible
(ng ≈ n0). In our case, however, ng/n0 > 1.5. We therefore
adopt Eq. S23 explicitly (using ng), to be consistent with
Eq. S11 and Eq. S9. A similar approach seems prudent for
AlGaAs [7].
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FIG. S3. Experimental setup. (A) Photograph of a fiber-coupled ring resonator driven by ∼ 100 mW of 1550 nm light.
Green light is produced by 3rd-harmonic generation. (B) Rendering of an optical fiber aligned to a waveguide grating coupler.
In practice the straight-cleaved facet of a SMF-28 fiber is positioned 10-20 µm above the chip at an angle 10-20 degrees from
normal. (C) Optical microscope image of a fiber-coupled ring resonator. The ring is 50 µm in diameter. Near-infrared light
radiating from the ring is produced by 2nd-harmonic generation. (D) Detailed schematic of the experiment. Pump(probe)
laser = Photonetics Tunics Plus tunable diode laser (10 mW, 1500-1600 nm). EDFA = BkTel Erbium-doped fiber amplifier
(34 dBm maximum output, 1535-1565 nm). CT400 = Yenista CT400 Optical Component Tester. IM = fiber electro-optic
intensity modulator (10 GHz bandwidth). OSA = Optical spectrum analyzer (Agilent 86146 for near-infrared wavelengths and
Yokogawa AQ6373 for visible wavelengths). FBG = Fiber-Bragg-grating-based optical notch filter (Advanced Optics Solutions,
1 nm bandwidth, 40 dB suppression, 1555-1565 nm). VNA = Agilent 8532 vector network analyzer (DC-500 MHz)
MEASUREMENT DETAILS
Here we elaborate on the response measurements shown
in Fig. 3 of the main text. A detailed schematic of the
experiment is given in Fig. S3. As shown, the resonator is
probed by two fields (“pump” and “probe”) generated by
separate lasers. The fields are combined before the resonator
on a fiber beam splitter. Before combining, the pump field
is passed through one of three elements: a fast wavelength
meter (CT400, for scanning transmission measurements), an
intensity modulator (IM, for linear response measurements),
or an optical amplifier (for frequency comb measurements).
At the resonator output, the combined field is split into two
paths. On one path, the output field is directed to an optical
spectrum analyzer (OSA) for frequency comb measurements.
On the other path, the pump field is stripped using a fiber
Bragg grating (FPG) and the filtered probe field is monitored
by a high-speed photodetector for linear response measure-
ments. A fraction of the field is also sent back to the CT400.
For linear response measurements, the IM is driven by the
output of a vector network analyzer (VNA) and the input the
VNA is connected to the output of the probe photodetector.
Linear response measurement
The linear microresonator response approach to measuring
n2 was first experimentally demonstrated, to our knowledge,
in [10]. The basic idea is to measure the resonance frequency
shift produced by a weak modulation of the input power, using
sufficiently low average power that the steady-state shift is
small ( κ). In this linear regime, the response is given
by combining Eqs. S9-S10 with the cold form of Eq. S13
(∆ = ∆0). For resonant pumping (∆0 = 0) using Eq. S15
gives Eq. 1 of the main text,
dωm′
dP
(m)
in
≈ (2− δm,m′)2ηFm
pi
ωmn2
ngAeff
(S24a)
= (2− δm,m′)4ηQmc
V
(m)
eff
n2
n2g
, (S24b)
where m and m′ are the index of the pump and probe mode,
respectively, and δm,m′ is the Kronecker delta function. The
prefactor ensures that for distinct pump and probe modes
(m′ 6= m), the shift produced by cross-phase-modulation is
twice that produced by self-phase-modulation.
In practice, following [10], we use distinct pump and probe
modes in order to minimize cross-talk. For the measurement
shown in Fig. 3b of the main text, the pump field is tuned
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FIG. S4. Pump-probe response measurement details.
(a) Raw (blue, green) and processed (red) response measure-
ments. (b) Probe transmission profile for various pump pow-
ers. (c) Linear fit to measurements of probe resonance fre-
quency vs. pump power, used to bootstrap red curve in (a).
into resonance with a mode at 1560 nm and the probe field
is detuned by ∆0 ≈ −κ/2 from an auxiliary mode at 1543
nm (m −m′ = 8). Nonzero probe detuning results in a out-
put power modulation which is proportional to the resonance
frequency modulation
δP
(m′)
out (Ω) ≈ 4η2
∂L
∂∆
P¯
(m′)
out δωm′(Ω) (S25)
where Ω is the modulation frequency.
In principle it is possible to calibrate δωm′ using Eq. S25 in
conjunction with independent measurements of η, ∆0, Qm′ ,
P¯
(m′)
out , and δP¯
(m′)
out . This method was used in [10]. An alterna-
tive, more direct approach would be to separately modulate
the probe field frequency by a known depth [11]. To calibrate
the response curve in Fig. 3b of the main text, we made use
of a third, complementary approach that takes advantage of
the fact that at low modulation frequencies, Ω . 2pi ·100 kHz,
δωm′(Ω) is dominated by a relatively large photothermal shift.
Namely, by measuring the static (Ω = 0) photothermal fre-
quency shift of the probe resonance produced by the pump
field, we calibrate the response curve according to:
δωm′(Ω)
δP
(m)
in (Ω)
=
δωm′(0)
δP
(m)
in (0)
δP
(m)
in (0)
δP
(m)
in (Ω)
δP
(m′)
out (Ω)
δP
(m′)
out (0)
(S26)
From left to right, the first two terms on the right-hand-side
of Eq. S26 correspond to the static photothermal frequency
shift and the transfer function of the pump intensity modula-
tor, respectively. Both are straightforward to determine (see
Fig. S3 and Fig. S4). The left hand side of Eq. S26 can be
directly compared to Eq. S24 for modulation frequencies in
which the Kerr effect dominates (1 MHz . Ω/2pi . 1 GHz in
Fig. S4). This method was used to determine n2 as reported
in the main text. Importantly, for the response measurement,
the power of the pump and the probe was reduced to less than
100µW so that the static photothermal and Kerr shift of each
beam is small compared to κ. Otherwise photothermal self-
locking suppresses the low frequency response.
Details of the linear response measurement shown in Fig.
3b of the main text are given in Fig. S4. Green and blue lines
in Fig. S4a correspond to the response of the resonator output
field and IM output field, respectively, to a modulation of the
pump laser power. The latter is measured by analyzing a pick-
off of the IM output field, as shown in Fig. S3d. Subtracting
these curves (in dB units) gives the resonator response curve
(red curve in Fig. S4a). The low frequency tail of this curve
is normalized to the static photothermal frequency shift. The
latter is determined by plotting the resonance frequency of
the probe beam versus pump power (Fig. S4b,c).
Frequency comb threshold measurements
Frequency comb threshold measurements, shown in Fig. 2
of the main text, were also used to estimate n2, utilizing Eq.
2. The reported value n2 = 1.2(5) ·10−17 m2/W was obtained
from the average and standard deviation of the 16 measure-
ments shown in Fig. 3d. For each measurement, the resonance
extinction ratio was used to infer η, via Eq. S15b. An effective
area of Aeff ≈ 0.2µm2 was assumed based on finite element
simulation (Fig. S1), this value being a good approximation
for TE00 modes of 500 and 550-nm-wide waveguides (both
used in the measurement set). A group index of ng = 3.8
was used based on measurements of the free spectral range
(shown in Fig. 2h of main text).
Frequency comb noise measurements
The sech-squared-shaped frequency comb shown in Fig. 4a
of the main text — observed for multiple devices — is sugges-
tive of a coherent (soliton) comb state. To test this hypoth-
esis, the comb light was analyzed for radiofrequency (RF)
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FIG. S5. Radiofrequency noise spectrum of Gap-on-
insulator frequency comb. (a) Optical power spectrum
of the output field of a R = 25µm ring resonator pumped
by a ∼ 1 W input field at 1.56 µm. Sub-combs form and
merge as laser-resonator detuning is decreased, as in Fig. 4
of main text. (b) Radiofrequency noise spectrum of same
field, recorded by direct detection on a fast photodiode (JDSU
RX10) and analyzed with an digital spectrum analyzer (Sig-
nal Hound). Elevated noise occurring as subcombs merge is
evidence that the comb state is not coherent.
intensity noise, its absence being a necessary (but not suffi-
cient) condition for soliton formation. To measure RF inten-
sity noise, the comb light was directed to a fast photodetector
and the photosignal was analyzed with a spectrum analyzer
(Signal Hound BB60C). Evolution of the RF noise spectrum
of a 0.5 THz comb is shown in Fig. S5. As the sub-combs
merge, a large noise excess appears below 6 GHz (note that
the persistent 5 GHz peak is intrinsic to the laser). Similar
behavior was observed in multiple devices. We take this as
evidence that the combs observed are not fully coherent [12].
FABRICATION DETAILS
Here we provide additional details on the fabrication pro-
cess shown in Fig. 2a of the main text. We also refer the
reader to [13] and [14].
GaP-on-insulator substrate fabrication
Starting with a single-side-polished, 2-inch, [100]-oriented
GaP wafer, a GaP/AlxGa1−xP/GaP heterostructure is epi-
taxially grown, by metal-organic chemical vapor deposition.
The initial 100-nm-thick homoepitaxial layer of GaP facili-
tates nucleation and growth of the subsequent AlxGa1−xP
(x = 0.36) etch-stop layer (also 100 nm thick), which is
needed for later separation of the top GaP device layer (300
nm). All layers were deposited at a susceptor temperature of
650 ◦C. The precursors were trimethylgallium, trimethylalu-
minum and tertiarybutylphosphine.
In preparation for bonding, a thin film of Al2O3 is de-
posited by atomic layer deposition (ALD) on both the GaP
device layer and a 4-inch silicon target wafer capped with 2
µm of SiO2 prepared by thermal dry oxidation. The GaP
wafer is bonded face down onto the oxidized silicon wafer,
and the stack is annealed at 400 ◦C to promote chemical
bonding between the alumina layers. The majority of the
initially 400-µm thick GaP substrate wafer is subsequently re-
moved by wet etching in a solution of potassium ferricyanide
(K3Fe(CN)6) and KOH. The remaining 50-100 µm of the sub-
strate wafer are eliminated by inductively-coupled-plasma re-
active ion etching (ICP-RIE) with a mixture of SiCl4 and SF6.
The ICP-RIE process exhibits ultra-high selectivity for etch-
ing of GaP over AlxGa1−xP, exceeding 1000:1 for x = 0.36,
while maintaining an etch rate of 3 µm/min [14]. Finally, the
AlxGa1−xP layer is removed by submersion in concentrated
HCl for 90 s, yielding the desired GaP-on-SiO2 substrate.
Device fabrication
All structures (waveguides, ring resonators, and grating
couplers) are patterned in a single step by electron-beam
lithography using 6% hydrogen silsesquioxane (HSQ) as re-
sist (90 nm nominal thickness) and transferred into the GaP
device layer by ICP-RIE using a Cl2/BCl3/H2/CH4 gas mix-
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FIG. S6. Imaging of waveguide sidewall roughness and
verticality. (a) AFM image of the sidewall of a 300-nm-thick
waveguide. Color coding indicates displacement of the AFM
tip versus positon on the sidewall. (b) Vertical cut of the
image in (a). A histogram (bottom) gives a linear roughness
of ∼ 0.5 nm, whereas the total (2D) roughness is 1.1 nm.
(c) SEM image of a waveguide in cross-section, exposed by
focused-ion-beam milling (same as Fig. 2d in main text). (d)
Rendering of the configuration for AFM and SEM imaging.
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ture. To promote adhesion of the HSQ, the surface of the GaP
is coated by ALD with 3 nm of SiO2 prior to spin-coating. Af-
ter etching, the resist is stripped with buffered HF and a thin
layer (510 nm) of Al2O3 is deposited by ALD onto the pat-
terned chip to mitigate photo-oxidation. A subset of samples
(Fig. 2f and Fig. 4c,d of main text) were additionally cladded
with several microns of SiO2. The cladding is deposited con-
formally by plasma-enhanced chemical vapor deposition using
tetraethylorthosilicate.
Waveguide sidewalls
Roughness and verticality of waveguide sidewalls were char-
acterized by atomic force microscopy (AFM) and scanning
electron microscopy (SEM), respectively. Details are given
in Fig. S6. After deposition of the protective Al2O3 coat-
ing, an RMS roughness as low as 1.1 nm was observed (Fig.
S4a). SEM of a waveguide cross-section exposed by focused
ion beam milling (Fig. S6b and Fig. 2d in the main text)
reveals that the sidewalls are nearly vertical.
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